We report on the exciton propagation in polar (Al,Ga)N/GaN quantum wells over several micrometers and up to room temperature. The key ingredient to achieve this result is the crystalline quality of GaN quantum wells (QWs) grown on GaN template substrate. By comparing microphotoluminescence images of two identical QWs grown on sapphire and on GaN, we reveal the twofold role played by GaN substrate in the transport of excitons. First, the lower threading dislocation densities in such structures yield higher exciton radiative efficiency, thus limiting nonradiative losses of propagating excitons. Second, the absence of the dielectric mismatch between the substrate and the epilayer strongly limits the photon guiding effect in the plane of the structure, making exciton transport easier to distinguish from photon propagation. Our results pave the way towards room-temperature gate-controlled exciton transport in wide-bandgap polar heterostructures.
Introduction. An indirect exciton (IX) in a semiconductor quantum-well (QW) is a quasiparticle composed of an electron and a hole separated along the growth direction, but still bound by Coulomb interaction. IXs can be realised in both wide single QWs [1] and in coupled QWs [2] . The prominent feature of IXs is their long lifetime, exceeding lifetimes of regular direct excitons by orders of magnitude [3, 4] . Their long lifetimes allow IXs to travel over large distances before recombination, providing the opportunity to study exciton transport by optical imaging [5] [6] [7] . Moreover, they possess strong permanent dipole moments along the growth axis, which is essential for electrical control of excitonic fluxes, and for excitonic device operation [7] [8] [9] [10] [11] . IXs were most extensively studied in GaAs-based QWs [2, 5, [12] [13] [14] [15] [16] , but recently their realisation in wide bandgap semiconductors such as GaN [17] , and ZnO [18] , has been considered. GaN/(Al,Ga)N and ZnO/(Zn,Mg)O wide QWs grown along the (0001) crystal axis, naturally exhibit built-in electric fields up to MV/cm [19, 20] , so that IXs are naturally created in the absence of any external electric field. Such
IXs have binding energy of tens of meV, largely above the 4 meV reached in a typical GaAsbased structure [21, 22] . This may extend the operation of the excitonic devices up to room temperature. Furthermore, such materials are promising candidates for the realisation of coherent states of IXs at temperatures higher than a fraction of Kelvin [23, 24] . These properties make materials with robust IXs particularly interesting. Nevertheless, so far, even in these materials with robust excitons there were no evidence of room-temperature transport [17, 18] .
In this Letter we demonstrate excitonic transport up to room temperature over distances up to 5−10 µm in GaN/(Al,Ga)N QW grown on GaN substrate. By comparing time-resolved photoluminescence (PL) and spatially resolved micro-photoluminescence (µPL) images of two identical QWs grown, respectively, on GaN and on sapphire, we reveal the important role played by the substrate in exciton propagation. First, the radiative efficiency appears to be higher for GaN-grown structures, with much weaker temperature-induced quenching, presumably due to lower threading dislocation densities. Second, the absence of dielectric mismatch between the substrate and the epilayer strongly limits the photon guiding effect along the plane of the structure, making exciton transport easier to distinguish from photon propagation [17] . Careful benchmarking of spatial and temporal dynamics suggests that even in the best quality QWs grown on GaN substrate, most of exciton propagation in the optically excited QW takes place in the regime where built-in electric field is efficiently screened by the presence of relatively high densities of dipolar IXs. These results constitute an important building block for our understanding of exciton transport in wide-bandgap polar heterostructures, and pave the way towards room-temperature gate-controlled exciton transport.
Samples and experimental setup. The studied structures are 7 nm-wide single GaN QWs grown along the (0001) axis. QWs are embedded in 45 nm / 140 nm Al 0.19 Ga 0.81 N barriers, grown on either sapphire (Sample 1) or GaN (Sample 2) substrate following the deposition of 3 µm thick templates. The schematic band diagram of the structure is given in Fig. 1(a) .
Due to the difference in spontaneous and piezoelectric polarization between the well and barrier materials, interfacial fixed charges accumulate, resulting in a a built-in electric field estimated as 1 MV/cm in this structure [25] . The built-in electric field pushes the electron and the hole toward opposite interfaces of the QW, breaking the symmetry of the excitonic wavefunction, and inducing a permanent dipole moment along the growth axis. Optical excitation of the structure results in the screening of the built-in field, and in a blue shift E BS of the exciton energy E X with respect to E 0 , the energy of the exciton ground state in the absence of photo-excitation ( Fig. 1(b) ). The dependence of E BS on the exciton density In µPL experiments, a cw laser beam at λ = 266 nm was focused onto a 1 µm spot on the sample surface. In time-resolved measurements, excitons were photogenerated by frequencytripled Ti-sapphire laser at the same wavelength (pulse duration 150 fs, repetition rate 8 kHz, average power 660 nW) and using a ∼ 100 µm excitation spot diameter. Spectrally-resolved images were obtained using a spectrometer equipped with a 150 gr/mm grating blazed at 390 nm. The detector for spatially resolved images was a CCD camera with 1024×512 pixels and pixel size of 13 µm, which corresponds to 0.405 µm on the sample surface. Time-resolved measurements of the emission kinetics were performed using a Hamamatsu streak camera (model C10910 equipped with an S20 photocathode and UV coupling optics), enhanced for ultraviolet detection.
Experimental results and discussion. attributed to scattered secondary photons produced by the exciton emission at r = 0. The colour scale is the same as in Fig. 2 , and the acquisition time is 10 times longer. We argue that propagation of secondary photons along the sample plane remains possible, although less efficient than in Sample 1, probably due to total internal reflection at the sample surface ( Fig. 1(d) ). The fluctuating energy tail is particularly visible in Fig. 3 (b) at 3.05-3.1 eV, with a clear jump of emission energy at r ≈ −30 µm. Like in Sample 1, this low-intensity emission is related to the secondary excitons created far from the laser excitation spot.
These excitons contribute to the screening of the built-in electric field and of the in-plane potential fluctuations resulting from the disorder, and thus are important for the transport of excitons created directly under the laser spot [6, 26, 27] .
Because photon guiding is only partly suppressed in the absence of GaN/sapphire interface, it is important to evaluate the energy of the unscreened structure in an independent time-resolved experiment. For this purpose, we used a pulsed laser excitation with low repetition frequency and low average power. Typical time-resolved PL spectra measured in Sample 2 at T = 10 K and at different time delays with respect to the excitation pulse are shown in Fig. 4 (a) . One can see that the QW emission energy E X goes from 3.06 eV down to E 0 ≈ 3.0 eV, the value that should thus be considered as the energy of the unscreened On the basis of this analysis of the unscreened system we can address exciton propagation quantitatively. Fig. 3 (c) shows normalized integrated intensity of the QW exciton PL in Sample 2, at T = 10 K and for the same excitation powers in Figs. 3(a-b) . Solid lines are a fit to a Gaussian distribution with half width at half maximum HWHM=5.9 µm, and a dashed line shows the laser intensity profile, characterized by a twice smaller HWHM=2.7 µm.
It seems surprising, at first sight, that increasing the power does not help increasing the intensity of the light emitted by excitons away from the excitation spot. To understand this effect, it is instructif to compare the corresponding spatial profiles of the emission energy ( Fig. 3 (a-b) ). The PL blue-shift is proportional to the local exciton density, and one can see that its spatial extension is much larger at 1 mW that at 0.03 mW. Indeed, we plot on top of the colormaps in Fig. 3(a) and (b), Lorentzian profiles with HWHM=20 and 14 µm, which characterize the spatial distribution of the QW emission energy (even though the experimentally observed energy profiles have much more complex shapes). We suggest, that the strong difference between the spatial profiles of energy and intensity is a consequence of the strong density dependence of the exciton radiative lifetime. This dependence is a prominent feature of IXs: increasing exciton density reduces exciton lifetime exponentially [17, 25] . It can be clearly seen in spatially integrated time-resolved experiments presented above, that as long as exciton emission exhibits a measurable blue-shift, the timedependence of the emission intensity cannot be described by a single-exponential decay (see Fig. 4 (b-c) ). A quantitative study of this phenomenon combining spatially-and timeresolved µPL experiments would be of great interest, but it requires further experimental developments. Such studies are also mandatory to go further than our previous work [17] in the theoretical modelling of the exciton transport in this system, involving strong disorder, dipolar interactions and density-dependent exciton lifetimes. Here we just stress that the exciton propagation length is determined by the spatial profile of the emission energy blueshift, rather than by the spatial profile of the integrated emission intensity.
Let us now address the temperature dependence of the exciton transport. In Fig. 2 we show on top of the colormaps Lorentzian profiles with HWHM values far above the excitation spot size. These values are indicated for each measurement. The zero-density limit (slightly different for the two samples as measured in time-resolved PL experiments) is shown by the dashed lines. Here we neglect the combined effect of band-gap renormalisation and the exciton localisation on the zero-density emission energy. Strictly speaking, the variation of ±25 meV can be expected [19] . This defines the precision of the propagation length determination, that we estimate to be of order of ±3 µm. In Sample 1, the signal was too low at room temperature to estimate the propagation length, while in Sample 2 the HWHM of the Lorentzian profile that defines the is propagation length is ≈ 12 µm at room temperature. This is less than maximum value measured at 10 K (Fig. 3(a) ), but is a remarkable result of this work. Despite low nonradiative losses, and their weak temperature dependence, exciton emission maps for Sample 2 at 30 and 300 K are very different ( Fig. 2(d, f) ). The reason for this is the huge broadening of the exciton line. This effect is illustrated in Fig. 5(c) , where normalised exciton PL spectra measured 10 µm away from the laser spot are shown for three different temperatures. The peak emission energy is slightly different for the three spectra. This difference is related to the variation in the exciton density but may be contributed by the renormalization of the bandgap and the localisation effects at low temperature [19, 30, 31] .
The width of the spectrum increases with temperature. At room temperature the spectrum is so broad that even the first phonon replica cannot be distinguished. At low temperatures and low densities (far away from the excitation spot) the linewidth is w 10K ≈ 40 meV, corresponding to a blue-shift E BS = 400 meV. At higher carrier densities (only reached in the small area around the excitation spot at P = 1.3 mW (see Fig. 2(d) ), the line shape changes and its width increases dramatically, as expected at Mott transition [32] . We estimate the corresponding Mott density from the emission blue shift E BS = 400 meV as n M = 4 × 10 12 cm −2 , close to the values reported in [32] .
Conclusions. We have demonstrated exciton transport in a GaN/(Al,Ga)N QW grown on a GaN substrate. Propagation over 12 µm at room temperature and 20 µm at 10 K is reported. From the comparison of two nominally identical samples grown on GaN and sapphire, respectively, we conclude that suppression of nonradiative losses at room temperature is the key to achieve this result. We have shown that the spatial distribution of excitons propagating away from the excitation spot is much wider than the corresponding distribution of the emission intensity, due to the strong density dependence of the exciton emission rate. The comparison of spatial and time-resolved experiments provides a clear evidence, that exciton transport is accompanied by photon propagation along the structure plane.
This effect is much stronger in sapphire-grown samples but nevertheless cannot be neglected in GaN-grown samples. It is responsible for the partial screening of the built-in electric field, so that the fully unscreened regime is hard to reach in cw experiments. Our results provide a rich playground for further understanding of exciton transport and elaboration of new transport models, in order to optimize exciton propagation. 
